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The decay of a far wake and its turbulent fluctuations behind two thin discs of the same diameter D, oriented 
normal to the incident flow, have been studied using the Particle Image Velocimetry (PIV). The experimental study 
was carried out in a water flume (Re ≈ 2·105) with varying distances between the discs (Lх = 4−8D) and their axes shift 
relative to each other (0, 0.5D and 1D). It is found that the velocity deficit behind two discs depends weakly on Lx, and 
at Lх > 40D, it becomes indistinguishable from the level of turbulent fluctuations of the incident flow. It is found that 
the decay of the average velocity deficit and its turbulent fluctuations in a wake of a tandem of discs can be described 
by the same analytical dependence with exponent −2/3 as for the wake decay of a single disc. However, at the same 
distance downstream, the value of deficit behind two discs is substantially higher than the corresponding value behind 
a single disc. Velocity fluctuations in a far wake behind a pair of discs depend weakly on longitudinal dimension Lx, 
but at the same time, in contrast to the velocity deficit, their level does not differ significantly from the level of fluctua-
tions behind a single disc. 
Key words: wake behind a bluff body, level of turbulence of the incident flow, pair of discs, velocity deficit, 
Particle Image Velocimetry (PIV). 
Introduction  
Interaction between the wakes of two or more fixed bluff bodies is typical of various 
technical areas. It draws particular attention when assessing the wind loads on the repeating 
elements in the construction of bridges, buildings, chimney pipes, and other civil facilities. 
Each specific technical application is characterized by certain geometry, and, as a consequence, 
the specific behavior of the wake, but their identification requires first the examination of flow 
behavior around some canonical configurations consisting, for example, of two or more round 
cylinders and spheres [1], rectangular [2] and circular [3] plates. The similar sets of repeating 
samples can be useful for solving various engineering problems. In this regard, the study of 
considered new configurations of a pair of identical discs is an important and interesting prob-
lem for the mentioned applications. 
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A new impetus to the study of interaction between the wakes behind a system of identical 
bodies was given by intensive development of wind power stations, where the same-type wind 
turbines were arranged one behind another with some shift downstream. In this light, 
the problem of modeling interactions and the development of wakes behind a pair of flat discs 
gets a new relevance. Indeed, to model the wind turbine systems, due to their complexity 
the impellers are often approximately replaced by various systems of loaded discs, especially 
for numerical simulation of interaction between wind turbines in the large parks [4, 5]. Obvi-
ously, it is necessary to ground the validity of this approach for modeling. This requires 
the comparison of wake development behind different configurations of discs and turbine ro-
tors. Such experimental comparison has been undertaken only for the single samples. It is 
shown in [6] that the wakes behind a rotating rotor model and porous discgrid become indistin-
guishable downstream at the distances more than three of their diameters. In the context of data 
of comparisons, the systematic experimental studies on development of a far wake behind 
the systems of several bodies have not been carried out yet. The experiments on the effect of 
mutual arrangement of a pair of thin discs on the development of far wake performance, de-
scribed in this paper, will help, in particular, to the further development and verification of 
various numerical models of interaction of wakes behind the wind turbine systems at wind sta-
tions. 
In literature, there are many data on the flow around a single disc with diameter D at dif-
ferent Reynolds numbers, defined by the freestream velocity and diameter of the tested model. 
In the standard wind tunnels at high Reynolds numbers (≥ 104), the wake, as a rule, can be ex-
amined only on the short distances of up to ten diameters D of the model even at the maximal 
freestream velocities. This is due to the necessity of using the large models. When studying 
the wakes in these tunnels at the distance of several tens and, even more, hundreds of calibers, 
the size of the tested body should be reduced by the same times; therefore, the Reynolds num-
bers of the initial flow will decrease proportionally. In particular, these restrictions explain 
the fact that in a wide range of Reynolds numbers in many experimental studies of a wake be-
hind the bluff bodies, the main attention is paid to the near wake of up to 10 diameters (e.g., 
see [7]). In calculations of [8], the fields of research were the same as in [7]. The characteristics 
of a far wake are rarely described in literature (e.g., see [9]), although it is known that even in 
the extreme far wake behind a disc (x/D > 400), the large-scale vortex structures are kept and 
continue developing without the small-scale vortices. Often it is difficult to estimate because 
intensity of freestream turbulence is of the same order as the fluc-tuations in the wake velocity 
with their slow decay downstream [9]. The experiments carried out in a special wind tunnel 
with a very low level of fluctuations have shown that the far wake behind the disc (10 < x/D < 
< 150) has the properties of self-similarity [10, 11]. To confirm the similarity properties of 
the wake in the different environment and at different Reynolds numbers, the experiments with 
a single disc were repeated in a water flume [12]. In both studies behind a single disc, the test 
data showed excellent consistency with the analytical power dependences of far wake self-
similarity, describing both the turbulent wake decay and expansion of its profile. 
The authors do not know the works which dealt directly with the experimental studies of 
a far wake behind the similar flat discs. The literature presents only the studies on the near wake 
[1−3]. The focus of these studies is concentrated on determining the effect of a distance be-
tween bodies L on the scenario of the development of large-scale fluctuations of the near wake 
and changes in their Strouhal numbers in comparison with the flow around the single bodies 
[2, 3]. The distinctive feature here is weak dependence between the frequency of low-
frequency fluctuations and an increase in the distance between the bodies after some critical 
value. That is, for relatively short distances between two plates, which do not exceed this val-
ue, there are different regimes [13, 14] with different values of the dominant frequencies, but 
with an increase in the distance (x/D > 8), the flow characteristics change slightly. They be-
come close to the flow characteristics behind a single disc. The Strouhal numbers, for example, 
are almost the same [2, 14] and depend weakly on the Reynolds number in the range from 104 
to 5·105. 
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The aim of this work is the experimental study of a far wake behind two discs at their co-
axial and out-of-line arrangement. The out-of-line arrangement is often used in many practical 
applications, for example, when the direction of a freestream (wind) is changed. The study in-
tended to find how a couple of discs and their shifted out-of-line arrangement affect the law of 
far wake decay and its turbulent fluctuations. It was planned to compare the data with 
the results of the previous experiment for a single disc [12]. 
1. Experimental methods and conditions  
Experiments on the flow velocity decay behind a couple of discs were carried out in 
a water flume at the Technical University of Denmark. The flume length was 35 m, width was 
3 m, and working height was 1 m. The most complete description of the experimental con-
ditions in this water flume can be found in [15, 16], when the optical measurement of the flow 
velocity behind a model of the wind turbine rotor were carried out using laser Doppler ane-
mometry (LDA) and Particle Image Velocimetry (PIV). The constant value of the freestream 
velocity (U0 = 0.54 m/s) was kept by maintaining the constant flow rate of 1.4 m
3/s through 
a closed circuit of the flume. Fluctuations in flow rate during the experiment did not exceed 
2 %. The thickness of a boundary layer (≈ 0.2 m) and the level of turbulent fluctuations 
(Urms /U0 ≈ 2.5 %) of the undisturbed flow in the central part of the flume have been deter-
mined previously, and they are described in detail in [15−17]. In this paper, to investigate 
the far wake behind the tandem, two identical discs made of organic glass with diameter 
D = 300 mm and thickness h = 10 mm were used (Figs. 1 and 2). 
The discs were fixed by the holders used in [15] and mounted on the platforms moved 
over the flume. The disc axes were in the middle of the channel cross section at the height of 
0.5 m from the bottom and at 1.5 m from the flume wall to minimize the influence of irregu-
larity profile of the freestream velocity. The distance between discs Lx, which takes the values 
of 4D, 6D, and 8D was varied during the study. To perform optical measurements, the mea-
suring section of 3-m length, whose walls and bottom were made of glass, was located at 
the distance of 20 m from the beginning of the flume. To measure the velocity, we used 
the SPIV Dantec, whose application features are described, for example, in [16, 17]. To form 
a light sheet, the pulsed laser Litron 200-15 PIV Nd:Yag with 200 mJ energy per a pulse and 
shooting frequency of up to 15 Hz, was used as a lighter. The laser sheet of 2-mm thickness 
passed vertically in the direction of movement of the main incident flow through the flume 
bottom and disc axes (Fig. 1). Two eight-bit CMOS-cameras SpeedSense 1040 with resolution 
 
 
Fig. 1. Scheme of experiment on measurement of velocity fields behind the second disc by PIV 
for different spatial locations of two discs. 
а ⎯ co-axial location of discs, b ⎯ shift by a half of diameter (Ly = 0.5D),  
c ⎯ shift by one diameter (Ly = 1D). 
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of 2320×1726 and maximal frequency of full frame capture of up to 193 frames per second 
were used in experiments. The size of the measuring PIV window was 732×430 mm. To calcu-
late the three-dimensional velocity field, Dantec Dynamic Studio Version 2.21 software was 
used. 
During the measurements, the cameras were mounted at different sides of the flume at 
the angle of 45° (Fig. 1). To reduce image distortion, the optical prisms, filled with water, were 
mounted between the camera and channel wall; this provides parallel arrangement of the plane 
camera matrix and air-glass-water interface. Since the cameras were not positioned frontally, 
but at the angle to the light section, to focus the entire light region on the matrix plane, the unit 
of independent adjustment of receiving objective and camera matrix, recording the image, were 
used. Calibration of stereo-measuring equipment described in detail in [16, 17] allowed avoid-
ing optical aberrations as compared to a planar measuring system [12] and provided 
the opportunity to calculate the averaged three-dimensional velocity field and turbulent fluc-
tuations with an error of 3−5%. In doing so the error in determining the longitudinal velocity 
component was guaranteed below 2%. 
Each measuring PIV-window was positioned due to the displacement of a movable plat-
form with the fixed discs (along the x-axis as shown in Fig. 1) upstream by 550 mm along 
the flume. Disc displacement along the channel allowed a change in the measuring windows 
without changing the position of the optical system (laser sheet and recording image camera). 
Axis y passed through the line connecting the discs centers, and the front edge of the second 
disc was the origin along x-axis. 
The resulting velocity fields were obtained for each measuring window by averaging 200 
instantaneous velocity fields measured with the frequency of 10 Hz. Due to processing 
the images by the Dynamic Studio program in the plane of x-y light sheet, the pattern of 
the flow around two discs was defined by sewing and uniform cutting of the zones of mea-
suring window overlapping to distance x/D = 45. The decay of averaged deficit of longitudinal 
velocity component and fluctuating characteristics of the flow behind the second disc down-
stream were calculated by velocity distributions for three different Lx with coaxial disc location 
and offset of the first disc axis by 0.5D and 1.0D across the flume. 
2. Experimental results and discussion  
When analyzing the experimental data, it is necessary to determine velocity distribution 
in a wake or, at least, it is necessary to know its maximal deceleration ⎯ deficit: 
0 axial
0 0
max( ( ))( ) ,
−Δ
=
U U xU x
U U
                                           (1) 
where U0 is velocity of the freestream, and Uaxial is the longitudinal velocity component of 
a wake behind the disc. 
 
 
Fig. 2. Picture of spatial location of discs in a flume. 
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Decays of the average velocity field in a vertical cross section behind a single disc below 
its axis [12] and in the same cross section behind a coaxial pair of discs with different longi-
tudinal sizes Lx = 4D, 6D, and 8D are compared in Fig. 3. 
A far wake behind the disc is the flow, rather complicated for diagnostics due to low val-
ues of maximal average velocity deficit (1) downstream in comparison with disturbances of 
the freestream. Therefore, the PIV data on distribution of longitudinal velocity components are 
presented here only in the near wake up to the distances downstream x/D < 10 in the region, 
where the plotted isolines allow contrast visualization of the flow around the discs. Based on 
these data, it is possible to make a statement about a weak impact of perturbation caused by 
the fastening devices on the near wake and its complete disappearance, when approaching x/D = 10 
and, respectively, at the points of the far wake for x/D > 10. As can be seen from Fig. 3b, for 
a pair of discs at Lx = 4D, the area of reverse flow behind the second disc in the wake of 
the first one reduced its axial dimensions from 2D to D as compared to a single disc (Fig. 3a). 
With an increase in the longitudinal dimension of the pair to Lx = 8D (Fig. 3d), the zone 
of reverse flow increases; thus, influence intensity of the first disc wake decreases, when it 
removes from the second disc. Using these results, we will analyze the characteristics of 
the flow incoming to the second disc. In particular, we will determine the profile of longi-
tudinal velocity component and level of its fluctuations at the distance of one diameter D 
in front of the disc for the flow incoming to the second disc (Fig. 4). We will compare 
the profiles of velocity and its fluctuations for a single disc, which also slightly change in front 
of the last; they are indicated in the figure by the dark symbols. In comparison with the data for 
a single disc, it can be seen that in the case of Lx = 8D, the influence of a wake of the first disc 
is minimal. The profile of longitudinal velocity component is reduced to the level of 80 % of 
the flow velocity incoming to a single disc. For a less longitudinal distance between the discs 
(Lx = 4D), the velocity deficit on the axis reaches 40 %, which, of course, has less influence on 
formation of a stagnation zone of the reverse flow. Comparison of the profiles of standard de-
viations from the mean velocity before the second disc (Fig. 4b) also demonstrates an increase 
in the level of fluctuations before the second disc at their approaching. For example, for 
a minimal longitudinal size of a pair (Lx = 4D), the standard deviations reach 20 % of the velocity 
of free stream. 
Let us now consider the nature of fluctuations after the stagnation zone in the wake behind 
the pair of discs. In this experimental study, it was found that at longitudinal dimensions of 
the pair Lx > 4D at some distance from its second disc within 5 < x/D < 15, the pronounced 
 
 
Fig. 3. Comparison of normalized longitudinal component of average velocity 
behind a single disc (а) and two coaxial discs at Lx = 4D (b), 6D (c) and 8D (d). 
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low-frequency fluctuations can be distinguished in the wake. Like behind a single disc, pro-
nounced dominant frequency f = 0.3 Hz, corresponding to Strouhal number St ~ 0.14, calculat-
ed by the disc diameter and free flow velocity, is distinguished in fluctuation spectrum behind 
the pair of discs. This is consistent with the results of [7, 8]. 
 
According to [9], to study the far wake, we approximate dependence of velocity deficit on 
distance x/D by formula of the G-model determined in [10, 11]: 
2 / 3
0 0( ) ( ) ( ) ,
−
= Δ = −G x U x U a x x                                            (2) 
where a and х0 are determined  by the type of the bluff body, and velocity deficit ∆U on 
the axis is determined by equation (1). Distribution of velocity deficit normalized to the inci-
dent flow velocity along the disc axis away downstream for three longitudinal dimensions of 
the disc pair Lx is shown in Fig. 5. Hereinafter, in Figs. 6−8, the symbols indicate experimental 
data obtained by the PIV-averaged velocity fields, and lines represent approximating curves of 
the G-model obtained by formula (2). In all cases, the velocity deficit reaches its maximal val-
ue at point x/D = 4, and then, after the zone of reverse flow behind the second disc, it decreases 
rapidly with the following movement downstream and takes the constant value determined by 
the degree of incident flow fluctuations like the measured velocity deficit behind a single disc 
[12]. Experimental points of longitudinal velocity deficit along the axis of a disc pairs down-
stream fit well to the proposed power dependence (~ 2 3−x ) for turbulent wake decay behind 
the blunt bodies; only the empirical coefficients in (2) differ. For the single disc in [12], these 
factors have been identified as a = 0.31 and х0 = 3.2, then for a pair of discs with Lx = 4D, 6D 
and 8D, these coefficients take other values, very close to each other, which can be approxi-
mated by the average curve at a = 0.49 and х0 = 2.1. According to the diagram, within 
5 < x/D < 40, the integral curve characterizing velocity deficit behind the disc tandem is locat-
ed higher than the curve for the velocity deficit behind a single disc. We can also note 
the existence of a weak dependence of the far wake on the distance between the discs; with 
an increase in this distance, the wake shape approaches the shape of the wake behind a single 
disc. Like behind a single disc, velocity deficit behind a pair of discs for all longitudinal di-
mensions L at distance x/D ≈ 40 takes constant value 0( )ΔU x U  ≈ 0.05, determined by 
 
 
Fig. 4. Profile of longitudinal velocity component at distance D before the second disc. 
a ⎯ averaged velocity, b ⎯ mean-square deviation of velocity;  
two discs at Lx = 4D (1), 6D (2), 8D (3), single disc (4). 
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the level of the freestream fluctuations. Note that for Lx = 8D, the velocity deficit starts coincid-
ing with the deficit for a single disc already at distances x/D > 30. 
We investigate the effect of a cross shift between the axes of the pair of discs on far wake 
decay. Figures 6 and 7 show experimental dependences of a change in the deficit of longi-
tudinal velocity component behind the discs at Lx = 4D, 6D, 8D and Ly = 0.5D, 1D; compari-
sons with approximation curves (2), according to power dependence −2/3, are presented. 
The coefficients in model (2) for deficit decay behind the second take values a = 0.42 and 
х0 = 2.67 for Ly = 0.5D and a = 0.34 and х0 = 2.9 for Ly = 1D. 
 
 
Fig. 6. Decay of normalized velocity deficit behind the discs at Lx = 4D (1), 6D (2), 8D (3)  
at axes shift by Ly = 0.5D and comparison with the approximating curves. 
Two discs at Ly = 0 (4), 0.5 (5), single disc (6). 
 
 
Fig. 5. Decay of deficit of the longitudinal velocity component normalized by the incident flow velocity 
behind a pair of co-axial discs at Lx = 4D (1), 6D (2), and 8D (3), Ly = 0 (4) (G-model) 
and single disc (5) from [12]. 
I.V. Naumov, I.V. Litvinov, R.F. Mikkelsen, and  V.L. Okulov  
664 
While analyzing distribution of the velocity deficit downstream under the considered disc 
location, we can conclude that there is a displacement of the deficit curve towards a single disc 
at an increase in the shift between the disc axes. The curve for shift Ly  = 0.5D is closer to 
the curve for the coaxial discs, but with an increase in the shift to Ly = 1D, the deficit curve 
almost completely coincides with the decay of the longitudinal velocity component for a single 
disc. This is an expected result because in the last case, the second disc is entirely in the zone 
of the freestream. We should also note weak dependence of velocity deficit decay on longitu-
dinal size of the disc pair Lx = 4D, 6D, and 8D. 
Finally, we will consider the question about the decay of velocity fluctuations behind two 
co-axial discs. The symbols in Fig. 8 show distribution of fluctuations of longitudinal velocity 
component behind the second disc downstream at different longitudinal distances between 
 
 
Fig. 7. Decay of normalized velocity deficit behind the discs at Lx = 4D (1), 6D (2), 8D (3)  
at axes shear by Ly = 1D and comparison with the approximating curves. 
Single disc (4), two discs at Ly = 0 (5), 1D (6). 
 
 
Fig. 8. Decay of normalized RMS deviation of velocity behind disc tandem at Lx = 4D (1), 6D (2),  
and 8D (3), behind a single disc (4) borrowed from [12],  
and behind a single disc according to the G-model (5). 
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a pair of discs. The highest level of fluctuations is predictably located in the region located just 
behind the area of the reverse flow of the second disc, where the maximal velocity gradient is 
observed. For comparison, the solid line in Fig. 8 shows approximation of fluctuation decay by 
means of model (2) used to describe velocity fluctuations in a wake of a single disc [12]. 
The level of velocity fluctuations behind a pair of single-axis discs for Lx = 4D, 6D, and 
8D after x/D > 8 is almost identical and slightly exceeds the level of approximating curve for 
the decay of fluctuations in a wake of single disc [12]. Thus, the standard deviation of velocity 
fluctuations behind the pair of coaxial discs, as in the case of a single disc, has a similar charac-
ter with attenuation of velocity deficit (2) by power dependence −2/3, i.e., Urms /∆U ≈ 1. This 
conclusion is also valid even at transverse displacement of the disc axes in the pair. It is stated 
in [10, 11] that the measurement of velocity deficit becomes critical for diagnostics, when it 
reduces to the level of turbulent fluctuations of the freestream, that is, the wake and its pulsa-
tions become indistinguishable against the background of external disturbances, and experi-
mental data reach their constant values. This was proved in [12] and in the current experiment: 
these restrictions in determining decay of deficit and fluctuations of longitudinal velocity com-
ponent have been determined expectedly. At distance x/D ≈ 40, velocity deficit and fluctuation 
level reached their constant values (∆U/U0 ≈ Urms /U0 ≈ 0.04), which corresponded to the level 
of fluctuations of the freestream for the experimental conditions of the water channel. 
Another interesting fact is that the distance between the discs has a small effect on the level 
of velocity deficit in a far wake, but the behavior of the near wake behind a second disc in 
the pair is significantly dependent on this distance. It is seen from the analysis of velocity pro-
files and its fluctuations before the second disc (Fig. 4) that they are very uneven and different. 
It turned out that this different non-uniformity before the second disc in the pair does not affect 
the laws of far wake decay and its fluctuations, but its influence on the near wake and size of 
stagnation zone behind the second disc is very strong. There arises a conclusion that location of 
the first disc has a strong influence on the development of a far wake, and location of the se-
cond disc influences the development of a near wake. 
Conclusion  
In this paper, the decay of a far wake and level of its turbulent fluctuations behind a pair 
of thin discs with diameter D, normal to the freestream, were studied using particle image 
velocimetry. Experimental study was performed in a water flume (Re ≈ 2·105) with varying 
longitudinal distance between the discs (Lх = 4D, 6D, and 8D) and different transverse shift 
between the disc axes (0, 0.5D, and 1D). 
When studying the far wake behind a pair of discs for all spatial configurations, it was 
determined that the law of decay of longitudinal component of the averaged velocity is subject 
to the well-known power dependence ~ 2 3,x− determined previously for streamlining the indi-
vidual bluff bodies at relatively high Reynolds numbers. The value of the maximal velocity 
deficit in a wake behind the pair of two discs was larger than in the wake behind a single disc. 
However, the difference between intensity of a far wake for different distances between the discs 
(Lх = 4D, 6D, and 8D) was insignificant as compared with the difference between the wakes 
behind a pair of discs and a single disc. In contrast to this conclusion, the effect of a distance 
between the discs was essential for the development of the near wake. 
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